Lecture-IB 

Satellite Orbital Principles 

(rev-M) 

EEL 5432 Sat Remote Sensing 


1 



Lecture Objective 

To understand satellite orbits as they relate to 
satellite remote sensing 

- Kepler’s Laws for orbital mechanics 

• Orbit period & satellite velocity 

- Orbit mechanics (physics) 

• Orbit elements (ephemeris) 

- Newton’s Laws 

- Orbit Properties 

• Sidereal time 

• Orbit precession 

• STK examples 
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Celestial Mechanics - History 


Aristotle (350 B.C.) believed that all heavenly 
bodies, including the sun and stars, were in 
circular motion about a fixed and unmoving earth 

Copernicus (1500 A.D.) correctly surmised that 
the Earth and other planets were in motion 
around the sun 



Celestial Mechanics - History-2 

Kepler (1602) published 3 empirical laws, which 
describe the orbits of planets about the sun 

• Used observations by Tycho Brahe (16th century 
astronomer) to derive 3 empirical laws that postulated 
that the orbit of Mars was an ellipse about the sun 

Newton (1650) invented the theory of classical 
mechanics and the concept of gravitational force 

• To provide a theoretical physics basis for Kepler’s laws 

King-Hele, (1964) and Kaula, (1966) applied 
celestrial mechanics principals to artificial (man¬ 
made) satellites orbiting the Earth and planets 
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Kepler's First Law: 

Satellites travel in elliptical (or circular) paths around 
their host (the Earth) 


Orbital path 

\ 


Satellite 

















Kepler's First Law: 

Satellites travel in elliptical (or circular) paths around 
their host (the Earth) 



6 is the angle measured from perigee 
r is the orbit radius 

(distance form center of mass of the satellite & host) 
r p is the orbit radius @ perigee 
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Kepler's First Law: 

Satellites travel in elliptical (or circular) paths around 
their host (the Earth) 


apoapsis 

(Apogee furthest point) 



6 is the angle measured from perigee 
r is the orbit radius 

(distance form center of mass of the satellite & host) 
r p is the orbit radius @ perigee 
r a is the orbit radius @ apogee 

















Kepler's First Law: 

Orbit eccentricity is a measure of the degree of the 
orbit ellipticity ( 0 < e < 1 ) 
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Elliptic Orbit Parameters: 


determine the satellite position on the orbit 

trajectory 



e = eccentricity 


or 

r a = distance to apoapsis 
r p = distance to periapsis 

and 


6 = true anomaly (CCW angle from perigee) 



















Kepler's Second Law: 


An equal area is swept out (A 1 (blue) = A 2 (red)), by a 
line drawn between the two bodies, during the same 
time period (At) anywhere along the orbital path 



At 
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Kepler's Second Law: 


Since the orbit arc length @ Perigee is obviously greater 
than the corresponding arc length @ Apogee, this 
implies that the satellite velocity is greater when the 
radial distance is smaller 



Arc length 
@ Perigee 
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Kepler's Third Law: Orbit Period 


The period (7) of an elliptical orbit is defined as the 
time to complete one revolution. T is proportional 
to the semi-major axis raised to the 3/2 power. 



(—) 

\ r 1 / 


a 
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T = the orbital period 
// = the Earth's gravitational parameter 
= 1.4077 x 10 16 ft 3 /sec 2 ( 3.986 x 10 5 Km 3 /sec 2 ) 
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Satellite Orbital Velocity 

* In a circular orbit, the velocity magnitude is constant 
and direction perpendicular to the radial direction: 


v . 

circ 



1/2 


where 

r cjrc = the orbit radial distance 
= altitude + radius of earth 
and 

r earth = 6378.155 km 
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Satellite Orbital Velocity 


• In an elliptical orbit, the velocity (magnitude and direction) 
varies over the orbit 

• The min velocity magnitude occurs at Apogee (r a ) 

_ / |i(1 -e) 

Va V a( 1 +e) 

and, the max velocity occurs at Perigee (r p ) 

/MUe) 

p V a(1 -e) 
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Satellite Velocity Elliptical Orbit: 

Velocity direction is perpendicular to the radial direction 
only at orbit apogee and perigee 


apogee 
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Orbital Mechanics 


The science of predicting the location of an earth 
satellite as a function of time and relative to the 
inertial earth geocentric coordinate system 

• In the simplest case, this involves Kepler’s laws for a 
rotating spherical earth 

• More sophisticated calculations take into account: 

• Oblate spheroid shape of the Earth, 

• Atmospheric drag 

• Other gravitational factors including orbit precession 



Developing the Equations of an Earth Orbit 


• Newton’s laws of motion for an object: 



1 

ut+ —at 

2 


2 


v = u + at 


s is the distance traveled from time, t = 0 
u is the initial velocity @ t = 0 
a is the acceleration of the object 


F = ma 


F is the force acting on the object 
m is the mass of the object 
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In a stable circular orbit, forces acting on 

a satellite are balanced 




Centrifugal 

force 




Gravitational 

force 


Satellite of mass, m 
velocity, v 
in the plane of orbit 



In a stable circular orbit, forces acting on 

a satellite are balanced 



Centrifugal 

force 


Satellite of mass, m 
Velocity, v 
In the plane of orbit 


where r = orbit radius (distance between the centers of mass) 
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In a stable circular orbit, forces acting on 

a satellite are balanced 
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Developing the Equations of an Earth Orbit 

cont. 


/ 


• The Gravitational force F is F = —lit * 


GM E r 


\ 


\ r ) 


• Equating the inward and outward forces yields; 


F = -m * 


/ 


V 


GM E r 


\ 


) 


= mass * acceleration = m 


1 d 2 r x 




d 2 t 


) 


and 






2 nd -order linear differential equation, whose 
solution involves 6 constants called orbital 
elements 
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Celestial “Geocentric” Coordinate System 


Three coordinates fix the 
orientation of a geocentric 
coordinate system in inertial 
space 

- the origin is Earth’s 
center of mass 


Toward 1 st 
Point of Aries 

I 



Satellite 
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Orbital Elements 


• The I-axis extends from center of mass through the 
Earth’s equatorial plane towards Aries; 

- a fixed point in the heavens that lies along the line 
defined by the intersection of the orbital plane of Earth 
moving around the sun and the equatorial plane of Earth, 
such that the line from the sun to the Earth points 
towards Aries at the time of the Vernal Equinox, around 
March 20 

- As the Earth revolves around the sun, the I-axis always 
points toward Aires 
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Ephemeris Orbital Elements cont.-2 


K 


zo 


Next, the orbit plane is 
orientated relative to the 
geocentric coordinate 
system 

- The orbit plane is tilted 

relative to the equatorial 
(I-J plane) f 

- The origin is located at the 
foci of the orbit ellipse 






Orbital Elements 



1 st point of Aires 
(vernal equinox) 


TOP VIEW 


Equatorial 

Plane 



Satellite/orbit 


- J 


Orbital 

Plane 


Line of nodes 
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Orbital Elements 



View AA - side view 
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Ephemeris parameters that locate 
the Satellite along the orbit trajectory 
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to = angle between line-of-nodes and perigee 
Now the orbit plane (red) lies in the plane of this slide 
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K 
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Now the orbit plane (red) lies in the plane of this slide 
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Three Orbital Elements: r 0 , co, 0 
fix Sat location in the orbit plane 


\ 



34 




Summary Orbital Elements 

• Six orbital elements are required to define a 
satellite orbit 

- Three coordinates fix the orientation of a geocentric 
coordinate system with respect to the “stars” 

• 1st point of Aires 

• Q (line-of-nodes) 

• Orbit inclination 

- three more fix the position of the satellite within this 
geocentric system 

• Orbit radial distance 

• Perigee location 

• Satellite position (past perigee) 

• The origin of the geocentric coordinate system 
used for satellite orbits is Earth’s center of mass 
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Orbital Elements cont.-3 


• The orbit of an artificial Earth sat. lies within a plane 
that rotates a few degrees per day relative to a 
celestial coordinate system. 

• The terms used to describe this orbital plane and the 
orbit of the satellite are: 

(a) The sub-sat, point is that point on the Earth’s 
surface that lies on the line between the sat. and 
Earth’s center of mass 

(b) The inclination of the orbital plane is the angle 
between the plane of the satellite’s orbit and Earth 
equatorial plane 
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Orbit Principles 


Kepler’s Laws 

Orbital Mechanics 

Newton’s Laws - for satellite 
orbits 

Orbital Properties 



Newton's Law for Total Energy - 
verification of Kepler’s 2 nd Law: 

• The total energy of an orbiting body is constant 

• Total (specific) Energy = Total Energy/(sat_mass) 

= Sum of (Kinetic + Potential)/(sat_mass) 

E = (1/2) v 2 - \x/r = -|i/2a 

• For Eto remain constant, the kinetic energy must decrease 
as the orbital radius (r) increases, as was implied by 
Kepler's second law. 
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Newton's Law for Angular Momentum: 

• The angular momentum of a satellite's orbit is a vector 
quantity, which is constant in magnitude and direction is 90° 
relative to the orbital plane 

• This implies that the orbital plane remains inertially fixed in 



Satel lite 0 rbital PI ane 
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Earth/Sun Orbit Relationship 

- Sidereal day 

- Orbit precession 

- Sun-synchronous orbits 



Earth/Sun Orbit Relationship 

• The earth rotates about the sun in a nearly circular orbit 
with a period of 364.25 days 

• The earth’s axis of rotation is inclined at an angle of 
23.4° with respect to the earth/sun orbital plane 


Earth axis of rotation 


Earth orbit plane 




/ 


Sun 


Earth equatorial plane 
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Sidereal Time 

• One sidereal day is the time it takes the earth to make one 
rotation (360°) with respect to a fixed star (Aires) 

• One solar day is the time it takes the earth to make one rotation 
(~361°) with respect to the Sun 

Sun 










Sidereal Time - cont. 


Due to the motion of the earth in its orbit about the 
sun, 

one solar day > one sidereal day 

• The length of the Earth’s solar day = 24 hrs 

• The length of the Earth’s sidereal day = (364/365) x 
24 hr = 23h 56m 04.09054s 

= 86,164.09054 sec 
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Orbit Precession 


The Earth is an oblate spheroid with more mass at the 
equator. This causes a gravity force which attempts to 
reduce the inclination of the orbital plane. However, 
because of the gyroscopic properties of the orbit, this 
results in a precession (rotation) of the orbital plane around 
the equator. 
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Sun-Synchronous Orbits 


• Certain combinations of orbital altitude and 
inclination can be selected to produce an orbit 
plane precession around the equator of ~1 °/day 

- exactly matched the orbital rotation rate of the 
Earth around the sun 

- Inclinations are all > 90 deg (prograde orbits) 

• i.e. it is not possible to have a sun- 
synchronous orbit if the orbit inclination is 
<90° 
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Sun-Synchronous Orbits - cont. 


• Sun-synchronous orbit maintains a constant angle 
between the sun and the satellite orbital plane 

• Further, when this satellite passes over the a given 
spot on the Earth, it will be at the same local time 
for every orbit 

- This is the orbit of choice for polar-orbiting 
remote sensing satellites 
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Orbit Principles 


Kepler’s Laws 

Orbital Mechanics 

Newton 7 s Laws - for satellite 
orbits 

Orbital Properties 

• Geostationary orbit 

• Low Earth Orbit 



Geostationary Orbit 


• Circular geosynchronous orbit where the orbit period T 
corresponds to the sidereal day & inclination = 0° 

- Earth’s sidereal day = (364/365) x 24 hr = 86,164.1 sec 

= 23 h 56 min 4.1 s 


• The satellite remains stationary in the sky as seen by an 
observer on Earth and is called a geostationary satellite 



Orbital Period 
= 24 hrs 


Satellite 





LEO Satellite Ground Tracks 
using Systems Tool Kit (STK) 

Software 
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Tropical Rainfall Measuring 

Mission (TRMM) 


Altitude: 399 km 
Inclination: 35.0 deg 

(prograde orbit = inclination ^ 90°) 

Orbit period: 92.5 min 
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TRMM Sub-satellite point “ground track” 
for single orbit (period = 92.5 minutes) 








TRMM orbit ascending node 
- the point where the satellite passes through 
the equatorial plane heading North 












TRMM orbit descending node 
- the point where the satellite passes through 
the equatorial plane heading South 


















rRMM - Note that the ascending nodes for 
consecutive orbits are displaced westward 









Example: Spherical View of North Pole 
@ time = To (asc node) & Sat Lng = 0° 


Earth’s Rotation 
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Example: Spherical View Viewing North Pole 

During one orbital period (92.5 min) the earth rotates CCW, 
so the starting longitude of the next orbit moves westward 


Earth’s Rotation 
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TRMM - single orbit (92.5 minutes) 












TRMM - 2 orbit’s 










TRMM - 7.8 orbit’s (12 hours) 






TRMM - 15.6 orbit’s (24 hours) 







QuikSCAT 

Altitude: 804 km 
Inclination: 98.6 deg 

(retrograde orbit = inclination > 90°) 

Orbit period: 100.9 min 
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QuikSCAT - single orbit (101 min period) 
























QuikSCAT - Asc & Desc Orbit Segments 




















QuikSCAT - 3 orbits 
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QuikSCAT - 7 + orbits (12 hours) 
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QuikSCAT - 14.3 orbits (24 hrs) 

f | * • • • • • I ■ , I . ^ 

• I • I I I I I *1 I 
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QuikSCAT & TRMM Satellite Collocations 














Summary: Orbital Properties 

• The maximum latitudinal extent of the subsatellite 
point is ± i (orbit inclination) 

- If /' < 90°, the orbit is prograde, and the rotation of the 
satellite, projected on Earth’s equatorial plane, is in 
the same direction as the rotation of the Earth 
(eastward) 

- If / > 90°, the rotation is retrograde (opposite rotation = 
westward) 

- If /' = 90°, the satellite is in polar orbit; and 

- If /' = 0°, the orbit is equatorial 

• The ascending node N is the intersection of the 
subsatellite track with the equator at the time the satellite 
crosses the equatorial plane going northward 
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